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Department of Chemistry, National Tsing-Hua University, Hsin-Chu, Taiwan, Republic of ChinaABSTRACT Human fibroblast growth factor 1 (hFGF-1) consists of 12 anti-parallel b-strands arranged into a b-trefoil architec-
ture. We directly measured hydrogen/deuterium exchange rates on the urea-denatured hFGF-1 to obtain the information with
regard to the persistent residual interaction(s) in the unfolded hFGF-1. Thirty-eight residues whose heteronuclear single
quantum coherence cross-peaks can be observed after exchange show higher protections than those predicted for the same
residues in a random coil conformation, suggesting the existence of residual structure(s). The urea-denaturation of hFGF-1
tested by both circular dichroism and fluorescence spectroscopy indicated that the unfolding process is a cooperative two-state
process and that the residual structures observed did not originate from the existence of a partially structured intermediate. The
coincident disappearance of the native heteronuclear single quantum coherence cross-peaks during the urea-denaturation
process suggests that the residual structures observed contain no nativelike interactions. The protected residues (fold ons)
in the urea-denatured state are mostly those that exchange slowly in the native state H/D exchange. The distribution of these
fold ons in the native structure of hFGF-1 suggests that the refolding starts by collisions between the residual structures (micro-
domains) between the b-strands VI and VII, and between the b-strands II and III, which appear to be two independent refolding
coordinates during the refolding process.INTRODUCTIONThe unfolded state of a protein is the primary state from
which a protein initiates its refolding, and is also the most
controversial stage of protein folding. It is believed that
the mechanism by which a protein initiates its refolding is
inherently encoded in the unfolded state. Studies have indi-
cated that in the unfolded state, many proteins may not exist
in the generally defined random coil conformation. Instead,
they are comprised of many imperceptible, structurally
ill-defined, residual structures (1). These residual structures
are assumed to act as initiating sites for protein folding. The
existence of residual structures has been proposed to result
in a dramatic reduction in the pseudo-infinite time span
required for a polypeptide to refold back into its native
structure by blind searching, down to milliseconds or
seconds (2).
It is difficult to give a clear structural definition of the
residual structure in the denatured state, which may exist
as nativelike structure with persistent long-range interac-
tions (3) or may consist of non-native-like interactions,
such as hydrophobic clustering or persistent local water
exclusion (4). Some of the residual structures may contain
a certain degree of incipient secondary structure, while
others are simply spheroidal aggregations of hydrophobic
clusters (5). Although the form of these residual structures
is diverse, it is believed that they are initiating sites in the
refolding process and that their existence can greatly reduceSubmitted August 13, 2010, and accepted for publication November 16,
2010.
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0006-3495/11/01/0154/11 $2.00the conformational space that needs to be searched to obtain
the native structure (6). Unfortunately, only few numbers of
studies of residual structures in the denatured state of
proteins have been carried out. Therefore, investigating
these residual structures may provide useful information
that can compensate for our insufficient knowledge as to
how proteins initiate the refolding and proceed to the first
event observed by kinetic methodology, thereby yielding
a better understanding of protein folding pathway(s).
hFGF-1 is an all b-sheet protein, and its unfolding/refold-
ing mechanisms are suggested to play an important, yet
mysterious, role in its transport across the cell membrane
via the nonclassical pathway. Based on our previous studies
on the stabilities of hFGF-1 under various conditions and the
unfolding/refolding pathway using kinetic and equilibrium
approaches, we found that there are a couple of discrep-
ancies awaiting data and explanations that are more
straightforward.
For example, the urea-induced unfolding of hFGF-1 has
been shown to be a cooperative, two-state mechanism
(7,8). However, the DGU that is obtained using steady-state
fluorescence or circular dichroism (CD) differs greatly
from the DGex obtained by native state hydrogen/deuterium
(H/D) exchange. This implies the existence of residual struc-
ture(s) in the unfolded state (9). To date, however, no direct
study has examined the residual structure of hFGF-1 in the
denatured state to demonstrate the validity of this hypothesis.
The second discrepancy is found between the refolding
pathways that have been proposed for urea-denatured
hFGF-1 based on the native state H/D exchange and thedoi: 10.1016/j.bpj.2010.11.027
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H/D exchange, residues located in b-strands II and VI exhibit
extraordinarily high protection from exchange. Based on the
last-out, first-in theory, these residues are assumed to be the
nucleation site(s) of refolding (7). However, the chronology
of events in the early stage of refolding of hFGF-1 obtained
using quenched-flow H/D exchange shows that the earliest
detectable event of refolding is the formation of hydrogen
bonds between the N- and C-terminals of the protein. This
is kinetically disfavored and is followed by the formation of
b-strands I, IV, IX, and X on similar timescales (7,8).
Herewemeasure theH/D exchange rates under urea-dena-
turing conditions to provide clear evidence for the existence
of residual structure(s). By comparing these results with
those obtained from native state H/D exchange, we attempt
to elucidate the relationship between the H/D exchange rates
of the residues in the native state and the residual structures in
the urea-denatured state.Most importantly, by comparing the
distribution of the residual structures in the native structure
with the results from quenched-flow H/D exchange experi-
ments, we propose a hypothesis that may bridge the detection
gap between the initiation of refolding and the first detectable
event of the refolding process. Furthermore, we propose
a refolding mechanism of hFGF-1 that may clarify the
discrepancy between the last-out, first-in hypothesis and
the quenched-flow H/D exchange result. We hope that this
may lead to a better understanding of the hFGF-1 refolding
pathway from the urea-denatured state.MATERIALS AND METHODS
We prepared and characterized hFGF-1 using the methods previously
described (10). Labeled 15NH4Cl and 99.9% D2O were purchased from
Cambridge Isotope Laboratories (Andover, MA), and d4-urea was
purchased from Sigma (St. Louis, MO). Unless otherwise specified, all
solutions were made in 25 mM phosphate buffer (pH 6.8) containing
100 mM ammonium sulfate (AMS buffer). All other chemicals used were
of high quality analytical grade. All experiments were performed at 25C.Equilibrium NMR spectroscopy of 15N-hFGF-1
For the equilibrium NMR spectroscopy of the urea-induced unfolding of
hFGF-1, we used a DMX 600 MHz NMR spectrometer (Bruker AXS,
Madison, WI). We prepared and concentrated 15N-labeled hFGF-1 to
~1.5 mM in 10% D2O/90% H2O buffer using a Centricon unit (Millipore,
Billerica, MA). The sample was incubated for 30 min after the addition
of d4-urea, and 1H-15N heteronuclear single quantum coherence (HSQC)
spectra were then recorded using 32 scans at all urea concentrations. The
spectra were then processed using the software XWINNMR (Bruker),
and the peak heights of selected cross-peaks were analyzed using SPARKY
(T. E. Goddard and D. G. Knellar, SPARKY 3.110, University of California,
San Francisco, CA). The results were referenced internally to a nonex-
changeable aliphatic proton resonance in the one-dimensional 1H spectrum.Denatured state H/D exchange measurement
15N-hFGF-1 was denatured using 4 M d4-urea in phosphate buffer contain-
ing 100 mM ammonium sulfate (AMS buffer), pH 4.0. The final proteinconcentration was 0.5 mg/mL. The pH values described below are all direct
pH meter readings. The recovery of the protein after refolding under these
conditions was measured to be ~99% (data not shown). H/D exchange of
the denatured hFGF-1 was initiated by the addition of a 10-volume of
deuterated AMS buffer that contained 4 M d4-urea, at pH 4.0 and 25C.
The exchange was allowed to occur for defined times under the denaturing
conditions. The exchangewas then quenched by rapidly adding 10 times the
volume of the sample of ice-cold deuterated AMS buffer, pH 6.9, to allow
the sample to refold (10).
The final pH of the sample solution was measured as 6.8. The sample was
then concentrated by ultrafiltration using Amicon and Centricon appara-
tuses (Millipore). The refolded protein was kept ice-cold during the concen-
tration process to minimize further exchange. The refolded 15N-hFGF-1
sample was then concentrated to ~0.6 mM, and a HSQC spectrum was
acquired using the DMX 600 MHz spectrometer (Bruker) at 25C. A quan-
tity of 2048 complex data points were collected in the 1H dimension and
512 complex data points were collected for the 15N dimension. The
HSQC spectrum was recorded at 32 scans for each time points. The spectra
were processed and analyzed using the softwares XWINNMR and
SPARKY.RESULTS AND DISCUSSION
The urea-induced unfolding/refolding mechanism of hFGF-
1 has been comprehensively examined using equilibrium
and kinetic states (including native state H/D exchange to
scan the stability of the protein at the residue level). All of
the results obtained imply the existence of residual struc-
ture(s) in the urea-denatured state of hFGF-1; however, to
our knowledge, the residual structure of this denatured state
has not yet been examined. It is believed that the structurally
ill-defined residual structure in various denatured states
determines the protein unfolding/refolding trajectory and
its active structure. We attempted, therefore, to characterize
the residual structure(s) of hFGF-1 in the denatured state
using H/D exchange of the urea-denatured state. We propose
an early stage folding event(s) of hFGF-1 to bridge the
discrepancies between the refolding mechanisms that have
been proposed based on native state H/D exchange and
quenched-flow hydrogen exchange experiments.Residue-level monitoring for the urea-induced
unfolding of hFGF-1 by NMR
Two-dimensional 1H-15N HSQC NMR spectroscopy is
a useful tool for studying protein folding/unfolding and
has been used to monitor the mechanism of protein unfold-
ing at a per-residue resolution level. The 1H-15N HSQC
spectrum of the native state of hFGF-1 is well dispersed,
and all the cross-peaks have been unambiguously assigned.
Therefore, we monitored the urea-induced denaturation
process of hFGF-1 in a residue-specific manner by acquiring
a series of 1H-15N HSQC spectra at increasing concentra-
tions of urea. These spectra can serve as fingerprints of
the conformational state.
We chose 44 cross-peaks from the 1H-15NHSQC spectrum
of the native hFGF-1 that were distributed throughout the
entire protein structure, including each b-strand and theBiophysical Journal 100(1) 154–164
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FIGURE 1 Theurea-induced unfolding of hFGF-1 monitored by signal intensity changes in 1H-15N HSQC spectra at different concentrations of urea. (a)
The traceable cross-peaks of the residues selected for monitoring the urea-induced unfolding are shown in shaded representation. (b) 1H-15N HSQC spectra of
hFGF-1 at several different concentrations of urea. All of the traceable cross-peaks (labeled) representing the native state of hFGF-1 disappear simulta-
neously at urea concentrations >3.4 M, and (c) their Cm values are calculated and plotted (-). (Straight line) Linear regression fit of the Cm values.
The Cm values of these residues are similar, indicating that the NH proton of these residues behave similarly as a function of the concentration of urea.
156 Wang and Yuloop region (Fig. 1 a). All of these peaks can be tracked unam-
biguously throughout the urea titration experiment. Thus, an
analysis of the intensity changes of these cross-peaks can be
used to monitor the structural changes, residue by residue.
1H-15N HSQC spectra of hFGF-1 in various concentrations
of urea are shown in Fig. 1 b. The cross-peaks representing
the different structural elements of the native state of hFGF-
1 are assigned in this figure, and they persist in the spectra
taken at urea concentrations <3.3 M. Importantly, the
HSQC spectra taken at urea concentrations>3.5Mare nearly
identical, and all of the selected native cross-peaks have either
disappeared or their intensity has dropped to the noise-level.
This indicates that hFGF-1 is completely denatured when the
urea concentrations is >3.5 M.
The peak intensities were quantified by measuring the
maximal peak heights using the software SPARKY. The
peak-height decay was then used to estimate the Cm value
for the selected peaks using the two-state model (Fig. 1 c).
The average value of Cm was estimated to be 2.0 5
0.2 M, and all of the 44 residues selected exhibit similar
Cm values (within experimental error). This indicates that
the corresponding structural elements in hFGF-1 behave
cooperatively as a function of the urea concentration. The
Cm value obtained by NMR (2.05 0.2 M) is in close agree-
ment with that obtained by fluorescence (2.05 0.02 M) and
far-UV CD (2.03 5 0.08 M), confirming that the urea-Biophysical Journal 100(1) 154–164induced unfolding of hFGF-1 occurs by a two-state mecha-
nism, without the accumulation of stable intermediates.
It is also worth noting that the result obtained in this
experiment also implies the following:
First, the residual structure(s) (as described below)
observed in the urea-denatured state should not be consid-
ered as an intermediate or late-intermediate structure
because the unfolding is a cooperative two-state process
and all of the native peaks that were traced disappeared at
the same time, indicating that all of the nativelike interac-
tions are collapsed cooperatively.
Second, generally speaking, the residual structure(s)
observed in the denatured state may possess either native-
like (6) or non-native-like local interaction(s). In this study,
the residual structures that persist in the urea-denatured state
should be deficient in nativelike interactions because we did
not observe any further changes either in far-UV CD or
HSQC spectra acquired at the urea concentration higher
than 3.5 M, indicating that the observed residual structures
did not result from the protection of the nativelike long-
range interactions.Native state hydrogen/deuterium exchange
A direct measurement of the H/D exchange rate of an amide
hydrogen can be used to assess the chemical environment
Deduce hFGF-1 Refolding Pathway 157surrounding the examined residue, yielding information on
the hydrogen bonding, hydrophobic embedding, and the
degree of solvent exposure. In other words, the measure-
ment of hydrogen-exchange rates can provide residue-
specific information on the stability of a protein (11). The
structural stability of hFGF-1 has been investigated using
a variety of means including H/D exchange (7,9). Briefly,
we have obtained 74 residues whose exchange rate can be
unambiguously determined. We arbitrarily divided these
residues into three categories: fast (2  104
min1 < kex); slow (7  105 min1 < kex < 2  104
min1); and the slowest (kex < 7  105 min1). As indi-
cated in Fig. 2, there are 18 residues categorized as slow-
exchangers (i.e., 7  105 min1 < kex < 2  104
min1) and shown in shaded representation. Eight residues
that have extraordinarily high protection belong to the slow-
est category (kex < 7  105 min1) (shown in solid repre-
sentation). These residues are
b2-Arg38; Ile39;Leu40; b6-Tyr78; Leu79;Ala80;
b7-Leu86; and b8-Leu100:
In the native state, the residues located in b-strand VI
form a network of hydrogen bonds with b-strands V andVII as indicated in Fig. 2. The presence of these hydrogen
bonds forges a hydrophobic core consisting of residues
from these three b-strands, including
Val68;Tyr69; Ile70;Tyr78;Leu79;Leu86;Leu87; and Tyr88:
The residues Tyr78, Leu79, and Ala80 are buried in the center
of this hydrophobic core. This might account for the
outstandingly high protection of the amide protons of these
three residues against H/D exchange. Similarly, the residues
that show the slowest exchange rates in b-strand II are
involved in the formation of a network of hydrogen bonds
with b-strands I and III. These hydrogen bonds form
a hydrophobic patch consisting of
Leu27;Leu28;Tyr29; Phe36;Leu37; Ile39;Leu147; and Leu149:
The tight packing of residues in b-strand II renders their
amide protons resistant to solvent exchange. In summary,
b-strands II and VI appear to form a stability core of the
hFGF-1 structure in the native state.
The free energy of exchange of the amide protons was
also calculated using the equationFIGURE 2 A schematic representation of the
arrangement of the secondary structures (labeled
with Roman numerals) and the hydrogen bonds
in the b-trefoil structure of hFGF-1. From the
native state H/D exchange experiments, 18 resi-
dues belong to the slow-exchange category (7 
105 min1 < kex < 2  104 min1) and are
marked in shaded representation, and eight resi-
dues belong to the slowest-exchange category
(kex < 7  105 min1) and are marked in solid
representation. The spheres represent the residues
that comprise the secondary structure. The only
residue that is not located in a region of secondary
structure but still exhibits a slow exchange rate
(Gly85) is shown as a triangle.
Biophysical Journal 100(1) 154–164
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where R is the gas constant and T is the absolute temperature
at which the exchange was monitored (data not shown). In
principle, the free energy change (DGex) estimated from
the H/D exchange rate is expected to be equal to or lower
than the free energy change of unfolding (DGU) deduced
from the equilibrium unfolding experiments (using steady-
state fluorescence/far-UV CD spectroscopy). However, the
calculated DGex of hFGF-1 is 3.2–3.8 kcal/mol higher
than that obtained from fluorescence or far-UV CD
spectroscopy (ignoring the marginal stabilization effect of
D2O). This phenomenon has been found in several cases
such as intestinal fatty acid binding protein (6), RNase A
(12), cytochrome c (13), chymotrypsin inhibitor 2 (14),
and RNase H (15). We have examined the factors that
may relate to this discrepancy for hFGF-1, and the results
have been discussed (7,9). We attributed this discrepancy
to the existence of residual structure that results in the over-
estimation of the krc of hFGF-1 in the urea-denatured state.Hydrogen/deuterium exchange
in the urea-denatured state
Although the observation that the DGex estimated from
native state H/D exchange rate is significantly larger than
the DGU obtained from other techniques, such as fluores-
cence and far-UV CD spectroscopy, strongly suggests the
existence of residual structure(s) in hFGF-1 in the urea-de-
natured state. However, most of the studies on the folding of
hFGF-1 focus on the native state rather than the denatured
state, or use quenched-flow techniques to deduce the
chronology of the early state events of hFGF-1 refolding
from the denatured state(s). These experiments provide
limited information about the residual structure that controlsba
FIGURE 3 The H/D exchange results for the urea-denatured state of hFGF-1. (
denatured state after various periods of H/D exchange. (b) The protection factors
(P) for the 38 residues whose NMR signal can be seen in the HSQC spectra in the
(open bars). The solid transverse bars and Roman numerals represent the regio
Biophysical Journal 100(1) 154–164the initiation of the protein folding directly and is believed
to be the key to understanding how a protein folds from
the denatured state(s). To date, no studies have directly
characterized the residual structure(s) of hFGF-1 in the
denatured state. In this context, we used hydrogen-deute-
rium exchange to examine the urea-denatured state of
hFGF-1. The direct measurement of the relative protection
of amide protons from exchange provides evidence for the
existence of persistent protection in the denatured state
(10,16–18).
We measured the H/D exchange rates for urea-denatured
hFGF-1 using different time periods, and the protein sample
was refolded to its native state after exchange. The 1H-15N
HSQC spectrum of each sample was then acquired
(Fig. 3 a). After 5 min of exchange in the urea-denatured
state, all the NH cross-peaks of hFGF-1 disappeared. The
NH signals from 38 residues persisted after 180 s of
exchange under denaturing conditions, and the peak heights
(I) were then fitted using the single-exponential function,
I ¼ I0expðkextÞ þ C;
where Io is the initial intensity, kex is the exchange rate
constant, and C is the final amplitude. The protection factors
(P) for these 38 amide protons were estimated on the basis
of the method reported by Bai et al. (19), using the equation
P ¼ krc=kex;
where krc and kex represent the exchange rates of the protein in
the random coil and native state conformations, respectively.
(Fig. 3 b). As shown in Fig. 4, the calculated protection factors
were categorized into five classes, and their associated posi-
tions were indicated in the native structure of hFGF-1 using
different colors:Residue
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a) Representative HSQC spectra of hFGF-1 that was refolded from the urea-
of the protected residues in urea-denatured hFGF-1. The protection factors
H/D exchange experiment on urea-denatured hFGF-1 have been calculated
ns of secondary structure in native hFGF-1.
FIGURE 4 A schematic representation of the
distribution of the protected residues in the native
structure of hFGF-1. The protection factor of these
residues are categorized into five classes: P > 2.0
(red), 1.5 < P < 2.0 (magenta), 1.0 < P < 1.5
(brown), 0.5 < P < 1.0 (yellow), and P < 0.5
(cyan). The spheres represent residues that
comprise the secondary structure (labeled with
Roman numerals) of native hFGF-1. Gly85 (shown
in a triangle) is not located in a region of the
secondary structure of native hFGF-1 but exhibits
an extraordinarily high protection factor in the
urea-denatured state, similar to the result found
for the native state.
Deduce hFGF-1 Refolding Pathway 159P > 2:0 ðredÞ; 1:5 < P < 2:0 ðmagentaÞ;
1:0 < P < 1:5 ðbrownÞ;
0:5 < P < 1:0 ðyellowÞ; and P < 0:5 ðcyanÞ:
The denaturant effect of urea on the exchange rates was not
calibrated during the calculations, therefore the protection
factors obtained herein are expected to be lower than the
true values. Because of this, a detailed interpretation of
the protection factors may imply more significant meaning
in characterization of the residual structure.
In Fig. 4, four residues exhibit the highest protection
factors (P > 2.0). These are
b5-Ser72; b6-Tyr78; b7-Gly89; and Gly85;
the residue in the turn before b7. Five amide protons possess
protection factors ranging between 1.5 and 2.0. These are
b6-Leu79;Ala80;Met81; b7-Leu86; and b8-Leu98:
Six residues are in the third category, with protection factors
from 1.0 ~1.5. These areb2-Arg38; Ile39;Leu40; b5-Tyr69; b8-Phe99; and Leu100:The remaining 23 residues belong to the final two categories
(nine residues have P < 0.5 and 14 residues have 0.5 < P <
1.0). These are scattered in b-strands I, III, IV, IX, X, and
XII of the native hFGF-1 structure. Importantly, most of the
residues that are protected against hydrogen-deuterium
exchange are hydrophobic residues, and they are located not
only in continuous regions of the primary sequence, but also
in regions of the secondary structure of the native protein.
This result shows close agreement with the fact that many of
the observed residual structures that are distributed in various
proteins are characterized by local interactions (17). In this
respect, the protection against exchange may be attributed to
the local excluded volume effect that is created by those pro-
tected hydrophobic residues in the urea-denatured state.Distribution of fold ons in native hFGF-1
To aid in interpreting the results, we arbitrarily propose that
those residues that show protection against exchange in the
urea-denatured state are intrinsic fold ons that are encodedBiophysical Journal 100(1) 154–164
160 Wang and Yuin the primary sequence of hFGF-1 (Fig. 4). The fold on is
the basic unit that has various abilities to construct the
microdomain; i.e., the residual structure. The microdomains
may not have particular form, size, stability, or even
structure, but they are nonrandom and are distributed
throughout the primary sequence of the denatured protein.
The compactness of the microdomain (the stability of the
residual structure) is assumed to be proportional to the
protection factors and numbers of fold ons that it is
comprised of. The distribution of fold ons in the native
structure may provide us useful information regarding the
trajectory of the microdomain collisions.
The residual structure (microdomain) that is comprised of
five continuous fold ons located in b-strand VI appears to be
the largest and the most compact (stable) residual structure
in the urea-denatured state of hFGF-1 (Fig. 4). The four
fold ons located in b-strand VII may form a residual struc-
ture with less stability and a smaller size than the residual
structure in b-strand VI. The other three microdomains
(these are less stable than the one in b-strand VII) are
formed by those fold ons that are distributed in b-strands
II, V, and VIII, and these microdomains appear to be of
similar stability and size. The remaining microdomains
are formed by the least stable fold ons and are distributed
in b-strands I, III, IV, IX, X, and XII (with reference to
the native structure of hFGF-1).
The distribution of fold ons in the native hFGF-1 structure
is shown in Fig. 5 a. To aid in interpreting the results, we
have dissected the b-trefoil architecture of native hFGF-1
into the three leaves of the trefoil, based on the protection
factors and the numbers of fold ons. Each leaf is comprised
of four b-strands. As indicated in Fig. 5 b, the first leaf, con-
sisting of b-strands V, VI, VII, and VIII, contains the largest
number of fold ons among the three leaves. It also contains
the most stable fold ons. As can be seen, the fold ons that are
quiescent in b-strand VI of native hFGF-1 are in an antipar-
allel alignment with those of b-strand VII, and they are
sequentially and spatially contiguous in the denatured and
native states.
This result indicates that the formation of this b-hairpin
(b-strands VI and VII) is initiated by the direct collision
of two microdomains, one formed by fold ons in b-strand
VI and the other by fold ons in b-strand VII. It worth noting
that although b-strands IV and V, and b-strands VIII and IX
form two b-hairpins in the native structure, we hardly
observe any nearby fold ons within these b-hairpins, indi-
cating that the formation of these two b-hairpins are not
involved in the direct collision between their corresponding
microdomains during the refolding process.
The distribution of fold ons in the second leaf of the
trefoil, comprised of b-strands I, II, III, and IV, is shown
in Fig. 5 c. The b-strand arrangement of this leaf is similar
to that observed in the first leaf, and b-strands II and III
appear to contain the largest number of fold ons in this
leaf. Most importantly, the fold ons in the b-hairpin formedBiophysical Journal 100(1) 154–164by b-strands II and III are aligned well and juxtaposed to
each other, as are those of b-strands VI and VII.
The third leaf of the hFGF-1 b-trefoil structure is
comprised of b-strands IX, X, XI, and XII, and the distribu-
tion of fold ons in this leaf is shown in Fig. 5 d. As can be
seen, no protected residues are detected in b-strand XI in
the urea-denatured state. Heparin is known to bind here in
the native state, and this region is expected to be the most
flexible in the native structure of hFGF-1. The b-strand
XII perpendicularly adapts to the cleft of the b-hairpin
formed by b-strand IX and X in the way that the N-terminal
half of b-strand XII is buried within the b-hairpin. The
fold ons in these three b-strands exhibit relatively weak
protection against exchange compared to that observed in
the other two leaves. The fold ons are distributed within
the space where these three b-strands are close to each other.
This implies that the hierarchy of formation of these three
b-strands appears undistinguishable. In other words, the
close distribution of these fold ons indicates that the
microdomains in each of the three b-strands in the de-
natured state collide with each other simultaneously upon
refolding.Sketch a refolding pathway for urea-denatured
hFGF-1
Based on the analysis described in the previous section, we
try to sketch the hierarchy of the rearrangement of the intrin-
sically encoded fold ons from the denatured state into the
native structure (Fig. 6).
From the data presented, we propose that the urea-dena-
tured structure of hFGF-1 consists of many structurally
ill-defined microdomains formed from fold ons. When
refolding is initiated, these microdomains act as collision
sites, collide with each other, and form multi-microdomain
clusters (20,21). Based on the distribution of fold ons in the
native b-trefoil structure of hFGF-1, we found that the fold
ons in only two b-hairpins (b-strands VI and VII, and
b-strands II and III) are well aligned and juxtaposed. This
suggests that these two b-hairpins are possibly formed
from the direct collision of their respective two adjoined
microdomains. Such collisions are fast short-range/local
interactions, and they result in the subsequent formation
of the turnlike conformation that are found to be the first
event of protein folding (within micro- to nanoseconds) in
many cases (Fig. 6, step 1) (20–22).
The subsequent formation of the two dual-microdomain
clusters results in a decrease in the distance between the
microdomains at both sides of the dual-microdomain clus-
ters, and this may increase the possibilities of their colli-
sions and assist them in forming long-range interactions
(Fig. 6, step 2). These microdomains are distributed in
b-strands I and IV and b-strands V and VIII. As for third
leaf of the b-trefoil, the distribution of the fold ons indi-
cates that the refolding of this leaf includes the assembly
Leaf 1
Leaf 2
Leaf 3
Strand V
Strand VI
Strand VII
Strand VIII
Strand II
Strand III
Strand I
Strand IV
Strand IX
Strand XII
Strand XI
Strand X
a b
c d
FIGURE 5 The distribution of the protected residues (i.e., fold ons) in urea-denatured hFGF-1, as depicted using the native structure of hFGF-1. The
protection factors of the fold ons are categorized into five classes: P > 2.0 (red), 1.5 < P < 2.0 (magenta), 1.0 < P < 1.5 (brown), 0.5 < P < 1.0 (yellow),
and P < 0.5 (cyan). (a) The distribution of the fold ons (depicted as spheres) in the native structure of hFGF-1. To aid in the interpretation of the results, we
dissect the b-trefoil structure of hFGF-1 into three leaves in accordance with the magnitude and number of fold ons. (b) Leaf 1 of the b-trefoil structure of
hFGF-1 consists of b-strands V, VI, VII, and VIII. (c) Leaf 2 of the b-trefoil structure of hFGF-1 consists of b-strands I, II, III, and IV. (d) Leaf 3 of the
b-trefoil structure of hFGF-1 consists of b-strands XI, X, XI, and XII.
Deduce hFGF-1 Refolding Pathway 161of three microdomains in b-strands IX, X, and XII. This
is actually a kinetically unfavorable interaction and is
therefore expected to be slower than the formation of
the two b-hairpins (b-strands VI and VII, and b-strands
II and III). Reiterating, this assumption only indicates
the chronology of the formation of the multi-microdomain
cluster in each leaf. It does not reflect the chronology of
the true formation of the native secondary/tertiary struc-
ture precisely.Relationships between the new view refolding
model and residual structure
According to the last-out, first-in theory proposed by Kim
et al. (23) and Woodward (24), the refolding hierarchy ofthe secondary structure of the native state of hFGF-1 is in
the following order:
b-strand VI > II > VII > V > I > IX > X > III >
XII > VIII > IV > XI:
This model is the simple sequential model, which postulates
a unique folding pathway with defined and sequential inter-
mediates. However, theories of the folding process and
Monte Carlo simulations of folding suggest that neither
the folding pathway nor the set of folding intermediates is
unique. A new view of protein folding kinetics replaces
the idea of such folding pathways with the broader notions
of energy landscapes and folding funnels (25,26). The new-
view model suggests that the persisted residual structures ofBiophysical Journal 100(1) 154–164
FIGURE 6 The proposed events that
are suggested to be involved in the re-
folding pathway of FGF-1 by the data
presented in this study. As described
in the text, urea-denatured hFGF-1
contains numbers of residual structures
(microdomains) that are formed by the
protected residues (fold ons). (Step 1)
When refolding is initiated, the micro-
domains that are distributed in strands
II and III, VI and VII, and IX, X and
XII of native hFGF-1 begin colliding
(indicated by red broken arrows), and
thus shorten the distance to the other
microdomains. (Step 2) The distances
between the microdomains in strands I
and IV, and V and VIII are shortened,
and therefore their chances for
colliding with each other have in-
creased. Collisions among the microdo-
mains in strands IX, X, and XII may not
be completed at this stage. (Step 3)
After collisions of these microdomains,
the distance between the C- and
N-terminals of hFGF-1 is greatly short-
ened. Therefore, stable hydrogen bonds
can form between the two termini and
be detected using quenched-flow H/D
exchange. (Step 4) After reorientation
of the fold ons in the multi-microdo-
main clusters, the stable native struc-
ture forms. This could be the most
time-consuming step and might be
responsible for the slow phase of the re-
folding process.
162 Wang and Yuthe protein in the denatured state are important, and may
serve as the initiation sites of the refolding. Moreover, the
refolding along each site can proceed as an independent
coordinate.
Hence, by compiling the results obtained from the H/D
exchange experiments of the native and urea-denatured
states, we can restate the refolding pathway(s) of hFGF-1
in terms of the hierarchy of the microdomain collisions in
three independent coordinates. The collisions between the
microdomains in b-strands VI and VII, and b-strands II
and III are the first events in two of the three refolding coor-
dinates (Fig. 6, step 1), i.e., that they serve as initiation sites
for refolding. Consequently, these collisions result in the
formation of two dual-microdomain clusters. The formation
of these two dual-microdomain clusters subsequently
promotes collisions between the microdomains in b-strands
Vand VIII, and b-strands I and IV by shortening their spatial
distance (Fig. 6, step 2) (22). It seems that the results
obtained from the H/D exchange rates of the urea-denatured
state can be interpreted well by the new-view model.
However, we are not able to determine the hierarchy of
the remaining three collisions between the microdomains
in b-strands V and VIII, I and IV, and IX, X, and XII from
our studies, as they are distributed in the three independent
coordinates.Biophysical Journal 100(1) 154–164The relationship between the proposed refolding
pathways deduced from the quenched-flow and
urea-denatured state H/D exchange experiments
We have studied the kinetic events of the refolding of
hFGF-1 previously using quenched-flow H/D exchange.
In these experiments, we found that the earliest refolding
event is the formation of the hydrogen bonds between the
C- and N-terminal of hFGF-1, and that these are formed
within the detection dead time of the quenched-flow appa-
ratus (<8 ms) (8). However, according to the distribution
of fold ons in b-strands I and XII, we find that these micro-
domains in these two strands do not collide directly,
implying that the formation of the hydrogen bonds between
b-strands I and XII is not based on the direct collision of the
persistent residual structures. Instead, the fold ons observed
in these two strands are contiguous with b-strand IV, and
with b-strands IX and X, respectively, suggesting that in
the early stage of hFGF-1 refolding, the microdomains in
b-strands I and XII collide with those in these strands (b-
strand IV, IX, and X) before formation of the hydrogen
bonds.
The formation of the hydrogen bonds between the C- and
N-terminals of hFGF-1 can be considered as the inevitable
result of the collisions among the multi-microdomain
Deduce hFGF-1 Refolding Pathway 163clusters from the three leaves, and that is due to the great
shortening of the distance between C- and N-terminal of
hFGF-1, which increases the opportunities for their impact
greatly.
Regarding the discrepancy between the chronologies of
the refolding events of hFGF-1 as deduced from the kinetic
versus the denatured-state H/D exchange methods, we
attribute these discrepancies to the stabilities of the micro-
domain (residual structure) and multi-microdomain clusters,
and the energy barrier of the formation of the multi-micro-
domain cluster. In fact, the formation of the secondary struc-
ture is not only based on the efficiency of the microdomain
collisions, but also on the orientation of the residues within
the microdomains/multi-microdomain clusters. The more
stabilized the microdomain and multi-microdomain clusters
are, the more likely that they are more compact and conse-
quently, it becomes more difficult to fine-tune the internal
orientation of the residues (which is necessary for the
formation of the secondary structure (2)). This is evidenced
by the fact that the stopped-flow CD signal shows ~95%
complete formation of the secondary structure of hFGF-1
within 2 s, while the quenched-flow H/D exchange data
shows only ~20 amide protons whose intensities decrease
by 50–60% after 3 s. The same experiment performed in
interleukin-1b also revealed a similar trend, and the reason
for this observation has been attributed to the topological
frustration (27,28).
Hence, the chronology of the formation of the secondary
structure may not relate simply to the stability of the resi-
dues in the native or denatured state. In addition, the
multi-microdomain clusters may not necessarily contain
any native structure components. In fact, the detailed struc-
tural units within the cluster may persist in the stabilization-
destabilization status until the native structure forms (2).
This may account for the observation that most of the
protected residues or persistent residual structures are
located in the more slowly-forming of the native structural
components of hFGF-1, as determined using quenched-
flow H/D exchange. Further work using mutant forms of
hFGF-1 is in progress that will aid in understanding the
influence of the disruption of the residual structure(s) on
the folding pathways of b-trefoil proteins.
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